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USING TOTAL SOLIDS CONCENTRATION TO ESTIMATE NUTRIENT 
CONTENT OF FEEDLOT RUNOFF EFFLUENT FROM SOLID SETTLING 
BASINS, VEGETATIVE INFILTRATION BASINS, AND VEGETATIVE 
TREATMENT AREAS  
D.S. Andersen1, R.T. Burns2, L.B. Moody3, M.J. Helmers4 
ABSTRACT 
Increased environmental awareness has promoted the need for improved feedlot runoff control. 
The use of vegetative treatment systems (VTSs) to control and treat feedlot runoff may enhance 
environmental security and protect water quality. Knowledge of effluent nutrient concentrations 
throughout the vegetative treatment system is required to evaluate impact on water quality and 
system performance. Previously collected VTS monitoring data has provided the opportunity to 
investigate relationships between effluent quality parameters. The objective of this study was to 
evaluate, through correlation and regression, the relationships between total solids, nutrients, and 
effluent quality indicator concentrations of feedlot runoff at various stages of treatment in a VTS, 
including solid settling basin, vegetative infiltration basin, and vegetative treatment area effluent. 
Results of a correlation and primary factor analysis showed that most of the parameters’ 
concentrations were strongly correlated to each other, with a single factor capable of describing 
more than 60% of the variability of monitored parameters. Regression equations were developed 
to relate nutrient content and effluent quality indicator concentrations to total solids 
concentrations. Results were satisfactory for most parameters, indicating that total solids 
concentrations provided significant insight into VTS performance relative to nutrient 
concentration and effluent quality indicators. A comparison between predicted, based on total 
solids content, and monitored mass release of the parameters was conducted. No statistical 
difference was found for most parameters; indicating that effluent volume release along with total 
solids concentrations can be used to provide an estimate of nutrient mass in solid settling basin, 
vegetative infiltration basin, and vegetative treatment area effluent. 
KEYWORDS. Feedlot runoff, vegetative treatment systems, vegetative treatment areas, 
vegetative infiltration basins, nutrient content, correlation, regression 
INTRODUCTION 
Runoff from open-lot animal feeding operations (AFOs) has been recognized as a potential 
pollutant to receiving waters because it contains nitrogen, phosphorus, organic matter, solids, and 
pathogens. The U.S. Environmental Protection Agency (EPA) developed a set of effluent 
limitation guidelines (ELGs) that described the design and operating criteria for feedlot runoff 
control systems on concentrated animal feeding operations (CAFOs) (Anschutz et al., 1979). 
These effluent limitation guidelines historically required collection, storage, and land application 
of feedlot runoff; however, recent modifications allowed the use of alternative treatment systems 
when the performance of the alternative systems, based on the mass of nutrients released, was 
equivalent to or exceeded that of an appropriately sized containment system (EPA, 2006). 
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Vegetative treatment systems (VTSs) are one possible alternative runoff control technology that 
has been proposed. A VTS is a combination of treatment components, at least one of which utilizes 
vegetation, to manage runoff from open lots (Moody et al., 2006). Vegetative treatment areas 
(VTAs) and vegetative infiltration basins (VIBs) are two possible treatment components for VTSs. 
A sloped VTA is an area level in one dimension with a slight slope along the other dimension, to 
facilitate sheet flow, planted and managed to maintain a dense stand of vegetation (Moody et al., 
2006). Operation of a VTA consists of applying solid settling basin effluent uniformly across the 
top of the vegetated treatment area and allowing the effluent to sheet-flow down the slope (Moody 
et al., 2006). Ikenbery and Mankin (2000) identified several possible methods in which effluent 
was treated by VTAs, including settling solids, infiltrating runoff, and filtering as it flowed 
through the vegetation. A VIB is a flat area, surrounded by berms, planted to permanent vegetation 
(Moody et al., 2006). A VIB uses a flood effect to distribute effluent over the surface. These areas 
have drainage tiles located 1 to 1.2 m (3.4 to 4 ft) below the soil surface to encourage infiltration 
of effluent. The tile lines collect effluent that percolates through the soil profile. The effluent then 
receives additional treatment, often from a VTA. Nutrient and pathogen removal in the VIB relies 
on effluent filtration as it percolates through the soil, plant uptake of nutrients, and microbial 
degradation of the nutrients and pathogens by soil fauna (Moody et al., 2006). 
Accurate predictions of effluent concentrations are needed to adequately model runoff control 
system performance. Recent research by Andersen et al. (2009) has shown that effluent 
concentrations from runoff control systems components can vary substantially from site-to-site, 
thus the use of book-values to predict nutrient concentrations could be highly inaccurate. 
Moreover, chemical analysis in the laboratory could provide high accuracy, but is expensive in 
terms of both the time and resources required to collect effluent samples and to carry out the 
laboratory analysis. To facilitate the use of site specific wastewater characterization data in 
modeling runoff control system performance a rapid and cost effective method of estimating 
effluent concentrations needs to be developed. 
This estimation method could serve several purposes; first, better estimates of solid settling basin 
effluent quality are needed to determine the impact feedlot runoff could be having on water 
quality. This information could be useful for prioritizing sites in need of enhanced or improved 
runoff control systems. Second, at many locations feedlot runoff is land applied as a nutrient 
source for crops. The estimation method could be used to provide an estimate of the appropriate 
application rate required to meet crop nutrient demand. Finally, CAFOs utilizing vegetative 
treatment systems are required to perform substantial monitoring to validate the performance of 
their runoff control system. This monitoring can be expensive as every VTS release event needs to 
be sampled for numerous nutrient and effluent quality indicators. An estimation method has the 
potential to reduce these costs by allowing an estimate of nutrient mass release to be calculated 
based on easily monitored parameters. The estimation method could also be utilized to 
approximate nutrient content of the feedlot effluent throughout treatment, providing a better 
indication of how the systems is performing. 
Previous studies (Chen et al., 2008; Maino et al., 2008; Moreal et al., 2005) have attempted to 
relate manure slurry nutrient content to easily measured parameters including pH, total solids 
content, and electrical conductivity using linear regression and artificial neural network modeling. 
Kim and Gilley (2008) successfully applied artificial neural network modeling to estimate erosion 
and nutrient concentrations in runoff from manure land application areas. Research on parameters 
that affect feedlot runoff effluent concentrations has also been conducted. Moody et al. (2007) 
examined the potential relationships between rainfall intensity, rainfall depth, days since last lot 
scraping, and days since last rainfall, but found no correlation between total solids concentration in 
the runoff effluent and any of the variables. Gilley et al. (2009) found that concentrations of 
particulate phosphorus, ammonium-nitrogen, nitrate-nitrogen, and electrical conductivity were 
significantly correlated to feedlot soil characteristics. Moreover, Gilley et al. (2008) suggested that 
it may be possible to predict runoff nutrient concentrations based on measurements of feedlot soil 
electrical conductivity. If, as Gilley et al. (2009) suggest, nutrient concentrations in feedlot runoff 
effluent was significantly related to feedlot soil characteristics, then we hypothesize that there 
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would be a strong correlation between the total solids concentration and nutrient content in feedlot 
runoff. 
The objective of this manuscript was to explore the use of total solids concentrations to predict 
nutrient concentrations of feedlot runoff from solid settling basins and vegetative treatment 
components. This was conducted by performing correlation and regression analysis for effluent 
concentrations samples collected on six Iowa sites over a four year period. Prediction equation 
verification was performed by evaluating the developed regression equations ability to predict 
nutrient concentrations on a validation data set and by comparing estimated annual mass releases 
from each VTS component to the estimated nutrient mass release based on effluent total solids 
concentration.  
MATERIALS AND METHODS 
The performance of six vegetative treatment systems was monitored. These treatment systems 
were located on CAFO open beef feedlots throughout the state of Iowa. At many of the locations 
more than one VTS was installed. For these sites, one of the VTSs was monitored by Iowa State 
University (ISU); the producer was required to monitor the other VTSs. Table 1 shows the VTS 
configuration, the number of head, and the areas of the feedlot (and additional drainage area if 
present), VIB (where applicable), and VTA for the ISU monitored systems. Full descriptions of 
these sites are available in Andersen et al. (2009). 
Two different VTS configurations were monitored. These were a solid settling basin (SSB) 
followed by a VTA (SSB-VTA), and an SSB followed by a VIB in series with a VTA (SSB-VIB-
VTA). In the SSB-VTA systems, runoff was collected from the beef feedlot and temporarily stored 
in a solid settling basin. Effluent from the solid settling basin was then released to the VTA. The 
VTA utilized gravity flow to spread the effluent down the length of the VTA. In the SSB-VIB-
VTA systems, a solid settling basin captured the feedlot runoff. Solid settling basin effluent was 
released onto the VIB, and tile lines located 1 m below the VIB surface collected effluent draining 
through the VIB soil profile. This effluent was pumped onto a VTA for further treatment. 
Table 1. Description of VTSs monitored by ISU including number of head, VTS configuration, and size of the 
feedlot, settling basin (SSB), vegetative infiltration basin (VIB), and vegetative treatment area (VTA). 
Site No. of Head System Configuration 
Feedlot Area 
(ha) 
SSB Volume 
(m3) 
VIB Area 
(ha) 
VTA Area 
(ha) 
CN IA 1 1,000 1 SSB - 1 VTA 3.09 4,300 NA 1.52 
CN IA 2 650 1 SSB - 1 VIB - 1 VTA 1.07 50 0.32 0.20 
NW IA 1 1,400 1 SSB - 1 VTA 2.91 3,700 NA 1.68 
NW IA 2 4,000 1 SSB - 1 VIB - 1 VTA 2.96 110 1.01 0.60 
SW IA 1 1,200 1 SSB - 1 VTA 7.49 11,550 NA 4.05 
SW IA 2 1,200 1 SSB - 1 VTA 3.72 6,300 NA 3.44 
Monitoring Methods 
Descriptions of the monitoring methodologies can be found in Moody et al. (2006) and Andersen 
et al. (2009). Briefly, Isco samplers were programmed with site and VTS component specific 
programs so that effluent samples would be collected close to the hydrograph peak. One sample, 
believed to be closest to the peak of the hydrograph, was selected for analysis per flow event. 
After collection, the samples were placed on ice and shipped to a certified laboratory for analysis 
following chain-of-custody protocol during sample shipment. Effluent samples were analyzed for 
ammoniacal-nitrogen (NH3-N), five-day biochemical oxygen demand (BOD5), chemical oxygen 
demand (COD), chloride (Cl-), pH, total phosphorus (TP), total dissolved solids (TDS), total 
Kjeldahl nitrogen (TKN), total suspended solids (TSS), nitrate-nitrogen (NO3-N), ortho-
phosphorus (OP), and Fecal Coliforms (FC) concentrations. Total solids (TS) content was 
calculated as the sum of TDS and TSS. 
Data Analysis 
For this study, all concentration data, except pH, was log transformed prior to statistical analysis. 
Pearson correlation and regression analysis were conducted to determine correlation among 
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sampled parameters and to find equations to predict nutrient/contaminant concentrations. 
Correlation analysis was performed on the entire data set using the PROC CORR command in 
SAS 9.2. A separate correlation analysis was performed for each VTS component, i.e., the SSB, 
VIB, and VTA. A primary factor analysis was conducted in SAS 9.2 using the PROC FACTOR 
command. 
A regression analysis was then conducted. The data set for each VTS component was randomly 
divided into a calibration and validation data set for each component. A linear regression analysis, 
on the log values of the concentration data, was performed in Microsoft Excel on the calibration 
data set to generate relationships between the variable of interest and the total solids concentration. 
The regression equations were then applied to the validation data. Modeling statistics and 
graphical comparisons were used to determine the ability of the developed regression equations to 
predict effluent concentrations. Modeling statistics used were the Nash-Sutcliffe efficiency (NSE), 
percent bias (BIAS), and the ratio of the root mean square error to the standard deviation of the 
monitored results (RSR). The NSE provided a measure of how well the predicted values followed 
the trends of the monitored data, BIAS measured the average tendency of the predicted data as 
compared to the monitored data, and RSR provided an index to evaluate the residual variations 
(Moriasi et al., 2007).  
RESULTS AND DISCUSSION 
Correlation Analysis 
Correlation tests the extent to which two variables were linearly related. Pearson correlation 
coefficients among the tested parameters for the SSB, VIB, and VTA effluent were determined. 
Results were similar for all three components and are shown in table 2 for the SSB. We defined a 
strong correlation as having a value of 0.7 or more, as this would indicate that 50% of the 
variability of the parameters was shared. Based on this interpretation, many of the parameters were 
strongly correlated to each other, with only pH, nitrate, and fecal coliforms showing no strong 
correlations to the other parameters. Due to the correlation among the variables, a factor analysis 
was performed to asses how much of the variability was due to common factors, i.e., the 
communality of the dataset. The factor analysis of the settling basin effluent indicated that a single 
factor could explain 62% of the total variability for the effluent quality parameters. No additional 
factor could explain more than 9% of the dataset’s variability. Factor analysis was also conducted 
for the VIB and VTA effluent. Results indicated that a single factor could again explain 61% and 
68% of the total variability, with no other factors explaining more than 13% and 10% of the total 
variability, respectively. Based on the primary factor analysis, four parameters (total solids, total 
dissolved solids, total Kjeldahl nitrogen, and chemical oxygen demand) were strongly correlated 
to the primary factor. Total solids concentration was selected for use in the regression analysis as it 
is an easily measured parameter and it provides insight into transport of both particulate and 
dissolved parameters. 
Table 2. Pearson correlation coefficients for effluent from the solid settling basina. 
  NH3 BOD5 COD Cl pH TP TKN TSS NO3 OP TDS TS 
BOD5 0.80 --- --- --- --- --- --- --- --- --- --- --- 
COD 0.81 0.90 --- --- --- --- --- --- --- --- --- --- 
Cl 0.58 0.54 0.63 --- --- --- --- --- --- --- --- --- 
pH -0.54 -0.58 -0.59 -0.34 --- --- --- --- --- --- --- --- 
TP 0.79 0.77 0.84 0.54 -0.56 --- --- --- --- --- --- --- 
TKN 0.86 0.86 0.92 0.64 -0.54 0.82 --- --- --- --- --- --- 
TSS 0.62 0.72 0.79 0.52 -0.45 0.70 0.77 --- --- --- --- --- 
NO3 0.08 0.07 0.15 0.21 -0.08 0.15 0.15 0.15 --- --- --- --- 
OP 0.62 0.57 0.58 0.37 -0.52 0.78 0.57 0.37 0.18 --- --- --- 
TDS 0.79 0.79 0.86 0.76 -0.52 0.77 0.86 0.74 0.21 0.53 --- --- 
TS 0.75 0.79 0.89 0.72 -0.52 0.80 0.87 0.89 0.20 0.50 0.95 --- 
FC 0.05 0.21 0.22 0.17 -0.21 0.08 0.17 0.32 0.11 -0.07 0.22 0.26 
a
 A correlation coefficient is significant at the 95% confidence level if |correlation| > 0.11 for n = 434. 
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Regression Equation Calibration 
Linear regression was performed on the log of the concentration data to relate parameter 
concentration to total solids concentration for the SSB, VIB, and VTA effluent. Regression 
equations relating each of the monitored parameters to total solids concentrations were determined 
and are shown in Table 3. The amount of the total variability described by the regressed equation 
was also provided. Several parameters, (pH, NO3-N, ortho P, and fecal coliforms) could not be 
described by the regression equations as indicated by the low R2 values. 
Table 3. Regression equations relating solid settling basin (SSB), vegetative infiltration basin (VIB), and 
vegetative treatment area (VTA) effluent contaminant concentrations total solids concentrations. The R2 valve 
of each regression equation is provided. 
SSB  VIB  VTA Dependent 
Variable Regression Equation R2   Regression Equation R2   Regression Equation R2 
NH3-N ( ) 00.1014.0 TS=  0.56  ( ) 27.10006.0 TS=  0.39  ( ) 81.100001.0 TS=  0.66 
BOD5 ( ) 24.1017.0 TS=  0.61  ( ) 02.200001.0 TS=  0.60  ( ) 95.100005.0 TS=  0.78 
COD ( ) 10.1277.0 TS=  0.76  ( ) 48.1005.0 TS=  0.62  ( ) 53.1006.0 TS=  0.84 
Cl ( ) 65.0244.1 TS=  0.52  ( ) 42.0873.8 TS=  0.30  ( ) 83.0262.0 TS=  0.62 
pH ( )TSlog62.068.9 −=  0.33  ( )TSlog11.040.7 −=  0.01  ( )TSlog37.078.8 −=  0.16 
TP ( ) 69.0158.0 TS=  0.62  ( ) 29.10004.0 TS=  0.65  ( ) 97.0011.0 TS=  0.61 
TKN ( ) 02.1033.0 TS=  0.72  ( ) 41.1001.0 TS=  0.61  ( ) 54.10004.0 TS=  0.76 
TSS ( ) 56.1001.0 TS=  0.80  ( ) 59.1001.0 TS=  0.62  ( ) 64.1001.0 TS=  0.73 
NO3-N ( ) 17.0292.0 TS=  0.02  ( ) 33.0081.0 TS=  0.03  ( ) 07.0650.0 TS=  0.00 
OP ( ) 48.0608.0 TS=  0.25  ( ) 59.100001.0 TS=  0.37  ( ) 80.0024.0 TS=  0.39 
TDS ( ) 77.0550.5 TS=  0.91  ( ) 67.0951.9 TS=  0.53  ( ) 95.0245.1 TS=  0.93 
FC  ( ) 05.14.44 TS7=  0.08   ( ) 82.200001.0 TS=   0.26   ( ) 52.2001.0 TS=   0.27 
Regression Equation Validation 
The regression equations ability to predict constituent concentration based on the total solids 
concentrations in the SSB, VIB, and VTA effluent was then tested. This testing used only the 
validation data set. Figure 1 shows the ability of the regression equations, based on TS 
concentrations, to predict parameter concentrations for NH3-N, TKN, TP, and COD. The 
calibration equations were also evaluated with the use of modeling statistics. The modeling 
statistics used were the Nash-Sutcliffe efficiency (NSE), percent bias (BIAS), and the ratio of the 
root mean square error to the standard deviation of the monitored results (RSR). Modeling 
statistics results are provided in table 4. All regression equations had a tendency to underestimate 
parameter concentrations as evidenced by the positive value for the BIAS statistic. The NSE 
provided information about the regression equations ability to follow trends in concentration, with 
values greater than zero indicating that the regression equation performs better than using the 
average of the monitored data; for almost all parameters the regression equations provided a better 
predictor than using the average value. This indicates that use of these regression equations, rather 
than table value may provide a better estimate of parameter concentrations. The RSR value 
compared the standard deviation of the monitored results to the residual variability remaining after 
applying the regression equation; values less than one indicated that the regression equation 
described more variability than the mean value of the monitored data. It appeared that many of the 
regression equations were providing a good description of the parameter concentrations, indicating 
that total solids concentration had the potential to serve as a proxy for better understanding the 
treatment, in terms on nutrient concentrations reductions that VTSs are achieving. 
The ability of the regression equations to predict annual contaminant mass transport was then 
evaluated for NH3-N, BOD5, COD, Cl, TP, TKN, TSS, NO3-N, ortho P and TDS. The monitored 
total solids concentration from each release event for each VTS component was used in the 
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regression equation to project effluent concentrations. The estimated concentrations were 
multiplied by the event flow volume to determine mass release. Mass releases were then summed 
to calculate the annual mass release. These calculated values were compared to those calculated 
based on the monitored effluent concentrations at each VTS component. A paired t-test was 
performed to determine if there was a statistical difference between the monitored and predicted 
mass release. No statistically significant difference in mass release was seen for most parameters 
(table 5); significant differences in mass release estimates were seen for TSS, NO3-N, and TSS. 
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Figure 1.  Plots of predicted, based on TS concentrations, versus modeled (a) ammoniacal-nitrogen (NH3-
N), (b) total Kjeldahl nitrogen (TKN), (c) total phosphorus (TP), and (d) chemical oxygen demand (COD) 
concentrations for solid settling basin (SSB), vegetative infiltration basin (VIB), and vegetative treatment 
area (VTA) effluent. The one-to-one line is also displayed in the graphs. 
Table 4. The Nash-Sutcliffe efficiency (NSE), percent bias (BIAS), and the ratio of the root mean square error 
to the standard deviation of the monitored results (RSR) for evaluating regression equation performance. 
SSB  VIB  VTA 
  NSE RSR BIAS   NSE RSR BIAS   NSE RSR BIAS 
NH3 0.61 0.62 26  0.15 0.92 62  0.68 0.56 20 
BOD5 0.67 0.57 28  -0.07 1.03 36  0.57 0.65 20 
COD 0.75 0.50 19  0.32 0.82 37  0.74 0.51 16 
Cl 0.38 0.78 10  0.27 0.85 10  0.61 0.62 18 
pH 0.21 0.89 0  -0.02 1.01 -1  0.00 1.00 0 
TP 0.67 0.58 12  0.49 0.71 22  0.55 0.67 24 
TKN 0.76 0.49 17  0.26 0.86 32  0.80 0.44 10 
TSS 0.80 0.45 8  0.74 0.51 28  0.76 0.49 19 
NO3 -0.07 1.03 39  -0.19 1.09 71  -0.09 1.04 58 
OP 0.28 0.85 19  0.10 0.95 64  0.26 0.85 36 
TDS 0.86 0.38 1  0.43 0.76 14  0.94 0.24 0 
FC -0.06 1.03 95   -0.02 1.01 93   -0.04 1.02 98 
Ideal Value 1.00 0.00 0  1.00 0.00 0  1.00 0.00 0 
Table 5. P-values for a paired t-test comparing monitored mass release to predicted mass release calculated 
based on total solids concentration. Significant differences are shown in italics. 
Component NH3-N BOD5 COD Cl Total P TKN TSS NO3-N ortho-P TDS 
SSB 0.86 0.69 0.43 0.85 0.70 1.00 0.02 0.01 0.27 0.12 
VIB 0.19 0.40 0.13 0.59 0.16 0.19 0.87 0.06 0.12 0.30 
VTA 0.38 0.39 0.48 0.32 0.19 0.67 0.01 0.11 0.05 0.22 
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Implications 
Accurate predictions of effluent concentrations are needed to adequately model runoff control 
system performance. Recent research (Andersen et al., 2009) has shown that effluent 
concentrations from runoff control systems components can vary substantially from site-to-site, 
thus the use of book values to predict nutrient concentrations can be highly inaccurate. Results 
here indicated that many of the nutrient concentrations in the effluent were strongly related to total 
solids concentration, thus measurement of total solids concentration may provide a more accurate 
estimate of site-specific wastewater characteristics. Moreover, CAFOs using a VTS are required to 
monitor and report nutrient mass releases from the VTS. Testing nutrient and effluent quality 
parameters in the released effluent can be costly for the producer and requires proper handling and 
treatment to ensure adequate preservation during shipment. This work shows that there is potential 
to measure only the total solids concentration and the volume of the release and use this 
information to predict nutrient mass release. 
Use of the regression equations requires knowledge of total solids concentrations in the feedlot 
runoff. Thus, either monitoring of total solids concentrations or a means to estimating them is 
required to get a site-specific estimate of effluent nutrient content. Suspended solids 
concentrations are presumably related to settling basin efficiency, feedlot characteristics (such as 
slope, drainage length, and soil properties), as well as the erosive potential of the precipitation 
event, and may have the potential to be predicted with soil erosion models. Likewise, total 
dissolved solids concentrations are presumably related to availability of salts on the feedlot/soil 
surface. The relation between TDS and stocking density was tested by regressing the log of the 
annual average total dissolved solids concentration in the SSB effluent against the animal stocking 
density in the feedlot. Statistical analysis indicated that the slope of the regression equation was 
significant (P = 0.002) as was the intercept (P < 0.0001). However, more study is needed to 
determine what factors control total dissolved and suspended solids concentrations in solids 
settling basin effluent as well as in the VTS effluent. 
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Figure 2. Log of total dissolved solids concentration versus animal stocking density. A regression equation 
CONCLUSIONS 
The objective of this manuscript was to explore the use of total solids concentrations to predict 
nutrient concentrations of feedlot runoff undergoing vegetative treatment. This was done by 
performing a correlation and regression analysis. Results of the correlation analysis indicated that 
most of the parameter concentrations were significantly related to each other. A primary factor 
analysis showed a single factor was capable of describing more than 60% of the variability of the 
twelve monitored parameters. Regression equations were developed to relate nutrient content and 
effluent quality indicator concentrations to total solids concentrations. Results were satisfactory, 
indicating that total solids concentrations provided significant insight into the VTS performance. 
Additionally, a comparison between predicted and monitored mass release of NH3-N, TKN, TP, 
and COD show no statistically significant difference. This indicates that monitoring of TS mass 
release may be adequate to predict nutrient mass releases from the VTS. 
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